This study applies flexible statistical methods to morphometric measurements obtained via light and scanning electron microscopy (SEM) to discriminate closely related species of Gyrodactylus parasitic on salmonids. For the first analysis, morphometric measurements taken from the opisthaptoral hooks and bars of 5 species of gyrodactylid were derived from images obtained by SEM and used to assess the prediction performance of 4 statistical methods (nearest neighbours ; feedforward neural network ; projection pursuit regression and linear discriminant analysis). The performance of 2 methods, nearest neighbours and a feed-forward neural network provided perfect discrimination of G. salaris from 4 other species of Gyrodactylus when using measurements taken from only a single structure, the marginal hook. Data derived from images using light microscopy taken from the full complement of opisthaptoral hooks and bars were also tested and nearest neighbours and linear discriminant analysis gave perfect discrimination of G. salaris from G. derjavini Mikailov, 1975 and G. truttae Gla$ ser, 1974. The nearest neighbours method had the least misclassifications and was therefore assessed further for the analysis of individual hooks. Five morphometric parameters from the marginal hook subset (total length, shaft length, sickle length, sickle proximal width and sickle distal width) gave near perfect discrimination of G. salaris. For perfect discrimination therefore, larger numbers of parameters are required at the light level than at the SEM level.

The identification of many parasites relies heavily upon the comparison of their morphological and morphometric characters with other species of their respective genera. These characters may be attachment hooks or parts of an endo\exo-skeleton or organs which, when stained, have a characteristic shape. Many inadequacies in traditional methods of identification have been exposed, especially where pathogens require to be distinguished from closely related, but non-pathogenic, forms and where accurate monitoring of introduced parasite species is necessary. Recent evidence has demonstrated that translocation of fish across country borders has increased the rate of introduction of exotic parasite species to indigenous fish stocks with serious economic consequences (Kennedy, 1993) . The recent introduction of several exotic metazoan parasites into the UK as documented by Gibson (1993) and Kennedy (1993) , gives cause for concern. Ten of these parasite species are already established ; for example, despite legal proscription of movements of infected fish, Khawia sinensis, a caryophyllaeid tapeworm, is spreading through Britain (Yeomans, Chubb & Sweeting, 1997) . Further, the recent introduction of other serious waterborne diseases such as crayfish plague (Alderman, 1996) into the UK demonstrate the ability of infectious agents to translocate as a result of commercial activity. Some of the introduced parasites are known to be serious pathogens and their effect may be critical for conservation and fisheries management as well as aquaculture. For example, Gyrodactylus spp. are common ectoparasitic monogeneans with 400 species being described (Harris, 1993) . One member of the genus, Gyrodactylus salaris Malmberg, 1957 , is considered to be very highly pathogenic to some stocks of Atlantic salmon, Salmo salar, whereas other species of Gyrodactylus infecting salmonids have a generally low pathogenicity. Gyrodactylus salaris is responsible for the catastrophic decline in salmon stocks in Norway and has been demonstrated to be widespread in Norwegian rivers (Johnsen & Jensen, 1988 ; Mo, 1994 ) with a projected reduction in returning salmon of 20 % (ca. 300 tons) (Johnsen & Jensen, 1986) . G. salaris is now known from 10 neighbouring European countries, most recently Portugal and France (Johnston et al. 1996) . To prevent its entry into the UK, G. salaris was made a notifiable disease in 1988 under the 1937 and 1983 Diseases of Fish Acts of the UK. Studies of sample sites in England, Scotland and Wales by Shinn, Sommerville & Gibson (1995) and in Northern Ireland by Platten, McLoughlin & Shinn (1994) have shown that G. salaris is so far absent from the UK. If the UK's G. salaris-free status is to be maintained, it is essential to have in place accurate techniques to discriminate this pathogenic species from the other gyrodactylids infecting salmonids.
There is an urgent need to develop reliable methodologies that can confidently identify pathogens such as G. salaris that can be used by nonspecialists e.g. river biologists and fish health diagnosticians. Specialists in monogenean taxonomy are few in number, and the volume of samples now generated from the regular screening of fish under the UK's health certification for G. salaris is too great. Mixed infections of Gyrodactylus do occur on salmonids (Shinn et al. 1995) , host specificity cannot be assumed, and results from diagnostic screening are required quickly so that, if necessary, containment of an identified infection can be implemented rapidly. Thus, the benefits of an automated system that can reliably identify G. salaris in samples are clear. Advances in molecular biological techniques, such as species-specific probes are under development (Cunningham et al. 1995 a, b) ; however, at present their implementation is expensive, time consuming and requires a high degree of expertize. The use of statistical classifiers and such technologies as artificial feed-forward neural networks (FFNN) (Kay, Shinn & Sommerville, 1999) , present a rapid reliable alternative to traditional methods. Once the statistical classification system has been trained and validated, it can be disseminated widely among potential users for whom the technique will be straight-forward to perform and will give clear results. The development of automated systems which can be used widely by non-specialists will allow for rapid, early detection at source and prevent translocation of potential pathogens.
  

Parasite collection
A total of 88 sites in the UK with salmonid populations (Salmo salar, S. trutta, Oncorhynchus mykiss and Salvelinus alpinus) were sampled for Gyrodactylus specimens during the period May 1990 to April 1992 for studies using both light and scanning electron microscopy (SEM). Details of the sites sampled and the reference material used from national collections for validation are given in Table  1 . For this study, samples were collected from wild and farmed salmonids in Ireland and the UK over a wide geographical range. All seasons were represented and environmental data recorded. G. salaris material was collected from Norway and Sweden. At selected sites, continuous sampling throughout 4 seasons was undertaken. The wide sampling programme was undertaken to ensure that variation due to host, locality, season and environmental conditions were included. Such a robust data set was considered necessary to have complete confidence in the techniques used and the result obtained.
Sample preparation and morphometric measurements
For light microscopy, gyrodactylid specimens (n l 470 specimens selected out of a total of 648) were collected live from fish, where possible, or from those fixed in 80 % alcohol. Regions of unconsolidated hook material such as the hamulus root portion are subject to distortion under fixation with alcohol and thus this measurement was not included within the morphometric measurements made. Morphometric measurements of the opisthaptoral hooks and bars were made from slide preparations of Gyrodactylus mounted in ammonium picrate glycerin (Malmberg, 1957) using an eye-piece graticule at i100, oil immersion lens on a BH2 Olympus binocular microscope with phase contrast illumination. Ten point to point morphometric measurements were made using the light microscope, 3 from the hamulus (total length, shaft length and point length) (Fig. 1C(a-c) ), 2 from the ventral bar (total length and total width) ( Fig. 1D(d-e) ) and 5 from the marginal hook (total length, shaft length, sickle length, sickle proximal width and sickle distal width) ( Fig. 1E(f-j) ). To ensure continuity between samples, marginal hook number 8 was measured on each sample. Where this was not possible marginal hook number 7 was measured.
Marginal hooks analysed from scanning electron micrographs (n l 222) also shown in Fig. 1E (f-l), were processed and extracted following the procedures of Shinn, Gibson & Sommerville (1993) and the morphometric measurements made using those given by Shinn et al. (1996) . A total of 7 point to point measurements were used in the analysis of SEM samples for statistical classification. In addition to the 5 measurements used for specimens prepared and measured using the light microscope, 2 additional measurements were made from SEM micrographs, the marginal hook sickle aperture and marginal hook sickle toe length were also used ( Fig. 1E(k-l) ). In contrast to the situation in light microscopy, the exact position of the marginal hook is lost following the hook extraction technique.
The figures given in Table 1 for each Gyrodactylus region sampled, represent the number of specimens used within this study and do not represent the total number of specimens collected from that particular site. For each site sampled, 10 specimens were selected randomly for measurement from all the gyrodactylids collected from all the hosts sampled for that particular site. 
Statistical classifiers
The morphometric data from the gyrodactylid hooks and bars were used to assess the prediction performance of a number of statistical classification methods. Four methods were used, namely, nearest neighbours (NN), a feed-forward neural network (FFNN), project pursuit regression (PPR) and linear discriminant analysis (LDA) ; see McLachlan (1992) , Haykin (1994) and Venables & Ripley (1997) . The methods were implemented using the PC software S-PLUS 4 (1997) statistical package and software provided by Venables & Ripley (1997) to aid S-PLUS 4 users, although the statistical classification techniques can be conducted on a wide range of other packages available commercially or via free shareware. Linear discriminant analysis is a standard method. The other 3 methods are more complex and, in particular, they allow the fitting of non-linear boundaries between the classes. Certain complexity parameters must be determined to control the extent to which boundaries between classes are non-linear. For example, in the nearest neighbours (NN) method it is necessary to choose the number of neighbours. This is a complexity parameter : using only 1 nearest neighbour can result in very nonlinear (more complex) boundaries between the classes in morphometric space whereas using, say, 9 nearest neighbours results in smoother boundaries. The classification of specimens by linear discriminants (LDA), project pursuit regression (PPR), nearest neighbours (NN) and feed-forward neural networks (FFNN) has been discussed in more detail by Kay et al. (1999) .
Training the classifier and evaluating the test method
A statistical classifier is trained by making use of previously classified data (e.g. morphometric data) and adjusting its parameters until the best possible (E) marginal hooks of Gyrodactylus spp. released by proteolytic digestion : 1, G. caledoniensis ; 2, G. colemanensis ; 3, G. derjavini ; 4, G. salaris ; 5, G. truttae : f, marginal hook total length ; g, marginal hook shaft length ; h, marginal hook sickle length ; i, marginal hook sickle proximal width ; j, marginal hook sickle distal width ; k, marginal hook sickle aperture ; 1, marginal hook sickle toe length. Measurements f-j were used for studies made using the light microscope and measurements f-l were made using the scanning electron microscope. Scale bars : A, 120 µm; C, 25 µm ; D, 13n6 µm ; E, 15 µm (scale bars all 15 µm).
classification accuracy is obtained. The trained classifier is then validated by applying it to test data (i.e. data from the same population as the training data) and then assessing the classification accuracy.
The method of stratified 3-fold cross-validation was used to assess the generalization error likely to be obtained when one of the classifiers is applied to new specimens. In this approach the available specimens are split randomly into 3 groups in proportion to the numbers of each type that are available. One of the 3 groups of data is held back to form a test set, and the remaining data are used to build the classifier. The resulting rule is then applied to the test set and the predictions obtained for each test specimen are compared with the true types ; thus the number of misclassifications is calculated. This procedure is repeated taking, in turn, each of the other 2 groups to be the test set, and the numbers of misclassifications are combined to form an overall estimate of the misclassification rate (EMR). This method makes efficient use of the available data. A full explanation of the statistical classification methods selected, training and validating the classifier have been given by Kay et al. (1999) .

Statistical analysis of data from SEM-derived images of the marginal hook
The identification of each specimen (training setj test set) for each of the 5 Gyrodactylus species investigated using SEM studies on only a single structure, the marginal hook, is given in Table 2 . The data presented as misclassification matrices are based on 7 morphometric measurements. In the nearest neighbours (NN) method, 9 neighbours were used, 9 hidden units and a weight decay of 0n01 were employed in the FFNN classifier and 9 non-linear projections were used for the PPR method. As can be seen from Table 2 , two of the statistical classifiers, namely nearest-neighbours and the feed-forward neural network, accurately discriminated all specimens of G. salaris from the other gyrodactylid species. This demonstrates that it is possible to distinguish G. salaris correctly from the other salmonid gyrodactylids studied here using morphometric data from only the marginal hook. The discrimination of the other Gyrodactylus species was not complete, for example, of the 10 specimens of G. colemanensis identified by the gyrodactylid taxonomist, all were correctly identified as G. colemanensis by the nearest neighbours classifier, however, of the 69 specimens identified by the gyrodactylid taxonomist as G. derjavini, the nearest neighbours correctly classified 62 of these as belonging to G. derjavini but misclassified 4 specimens as G. colemanensis (3 specimens from O. mykiss from Loch Butterstone and 1 specimen from S. salar from the River Nith), and 3 as G. caledoniensis (1 specimen each from S. trutta in the River Dala$ lven and O. mykiss in Loch Butterstone and Loch Awe).
Statistical analysis of data from light microscopyderived images of all hooks and bars
Analysis of gyrodactylid hooks and bars at the SEM level allowed for the perfect discrimination of G. salaris from other species of the genus parasitizing salmonids. However, anomalies are often generated when dealing with less clear images, a restriction imposed by the optical limitations of the microscope. In order to have complete confidence in the classifiers it was necessary to perform the analysis at the highest platform of resolution first (SEM), before attempting to analyse images obtained using the light microscope. Therefore, the statistical analyses were repeated on morphometric data from light microscope studies. The use of the light microscope would allow for a decrease in the specimen processing time whilst maintaining confidence in the discriminating ability of the classifier.
As the light data might perform less well, the initial analysis was based on all available measurements. Thus, 10 morphometric measurements using light microscopy were used. The same parameters used to run the statistical classifiers for the SEM data were also used here. The results are shown in Table 3 .
The nearest neighbours classifier using 9 nearest neighbours gave the lowest estimates of generalization error and gave a perfect discrimination of G. salaris from G. derjavini and G. truttae. Similarly, the linear discriminant analysis gave perfect separation of G. salaris specimens from the other species studied, but the discrimination of G. derjavini from G. truttae was quite poor (EMR l 13n4 %). The other classifiers, FFNN and PPR, performed less well, misclassifying 1 and 2 specimens of G. salaris respectively as G. derjavini and G. truttae.
Analysis of data from individual structures derived from light microscopy
The success of the nearest neighbours classifier to accurately discriminate G. salaris from the other salmonid gyrodactylids at the light microscope level, was further tested for its ability to classify single structures. Three structures, the hamulus, the marginal hook and the ventral bar from 3 species of Gyrodactylus, G. salaris, G. derjavini and G. truttae, were tested and the results are presented in Table 4 . Two morphometric measurements were used to describe the ventral bar and, as can be seen from Table 4 , this structure had an overall error rate of 21n7 %, of which 6n2 % involved misclassification of G. salaris and was not considered to be useful for the discrimination of these 3 gyrodactylids. The overall error rates for the hamulus and marginal hook were lower at 8n3 % and 10n9 % respectively, but both had misclassifications involving G. salaris. Using nearest neighbours therefore, it was possible to discriminate most specimens of G. salaris from G. derjavini and G. truttae using light microscope-derived data from only a single structure, either the hamulus (2 specimens of G. salaris misclassified as other gyrodactylid species) or marginal hook (1 specimen of G. derjavini misclassified as G. salaris). However, perfect discrimination was only achieved when using 

Statistical classifiers were applied to simple point to point morphometric data taken from images of hard skeletal features and successfully discriminated several species of Gyrodactylus parasitizing salmonids which are otherwise difficult to separate. Host and environmental parameters such as temperature and salinity, have been shown to influence the morphological variation observed in gyrodactylid marginal hooks (Malmberg, 1970 ; Mo, 1991 a, b, c) . Specimens of Gyrodactylus forming the data set used for training the statistical classifiers within this study have, therefore, taken account of such variation. Representative specimens for each species, where possible, were taken from the full spectrum of host and environmental conditions available, thus ensuring a robust data set capable of correctly classi- fying a specimen of G. salaris regardless of its origin. The results illustrate the perfect discrimination of G. salaris from closely related species infecting salmonids on the basis of a single structure, the marginal hook, measured from SEM-derived images. The perfect discrimination of G. salaris was still possible at the level of the light microscope but, to achieve this, more morphometric information was required and thus all 3 opisthaptoral structures were needed. The possibility of a reliable method to provide accurate determinations from data taken with the light microscope when based on data taken from all 3 structures, the hamulus, ventral bar and a marginal hook, presents itself as a candidate system for the rapid, early detection of pathogens.
Of the statistical classification techniques investigated, nearest neighbours consistently provided the lowest EMR values at both the SEM and light level. However, misclassifications resulted when each hook or bar was considered separately using this method on light microscope images. Table 4 (C) shows that all G. salaris specimens were perfectly identified but 1 specimen of G. derjavini was identified as G. salaris. It is important to note that, though the lowest EMR value was obtained for the hamulus data subset (3 measured morphometric parameters) (EMR l 7n0 %), it was the marginal hook data subset (5 measured morphometric parameters) (EMR l 10n9 %) which gave the best classification of G. salaris. Therefore, if using a single structure at the light level, the marginal hook subset would appear to be the most useful, since all the submitted G. salaris specimens were correctly classified. The classification of specimens using only marginal hook data at the SEM level was based on pooled information from 7 measured morphometric parameters while only 5 parameters were used for the same structure measured using the light microscope. The higher resolution of the SEM images enabled the inclusion and measurement of more morphometric parameters than could be reliably measured using the light microscope. It is highly likely that the EMR values for hooks and bars measured using the light microscope could be reduced further by increasing the number of submitted specimens (i.e. more training data), thereby improving the training capability of the classifier and reducing the probability of misclassification. Alternatively, lowered EMR values may be achieved by increasing the number of morphometric parameters used to describe the morphology of the marginal hook at the light level, where this is possible.
In the application of these statistical classification methods, each specimen has been allocated to that species class which is most probable given the data that describes that particular specimen. It is clearly possible for specimens to be misclassified using such a rule ; when additional information regarding the relative seriousness of each type of misclassification is available this can be incorporated into the classification system. No such information has been incorporated in this study. This means that we have implicitly assumed that the costs of the various types of misclassification are equal ; thus only the morphometric data are being used to determine the most probable allocation of specimens to classes. We propose, in future work, to determine appropriate estimates of the costs of misclassfications, where possible, and to incorporate them into the classification system. Another issue which has not been implemented to date is that of dealing with new types of specimen which are outside the previous experience of the system. It is possible to use statistical methods for the detection of outliers to identify the occurrence of such specimens (see, for example, Barnett & Lewis (1994) ) or for the computation of atypicality indices (see Aitchison & Dunsmore (1975) ) ; such specimens would then be subjected to further scrutiny.
The morphometric characters used for this analysis were selected for the sole purpose of their ability to discriminate G. salaris from the other species of Gyrodactylus studied (Shinn, 1993 ; Shinn et al. 1996) . Thus, the only concern, and the main objective of the study, was the complete and accurate discrimination of G. salaris. This, therefore, may explain the origin of most of the misclassifications. It is not surprising that the marginal hooks of G. salaris are distinguished more readily in this study than the characteristically shaped marginal hooks of G. colemanensis because the input data were selected for this purpose. If, however, the aim of this study was to correctly classify each of the Gyrodactylus species, it would possibly require the use of different criteria as input data. At present 7 point to point measurements made on SEM images of the marginal hook or 10 measurements made on 3 structures (the hamulus, ventral bar and a marginal hook), using the light microscope are sufficient to correctly discriminate G. salaris from the other species studied here. To achieve the perfect discrimination of all the species of Gyrodactylus considered here, input data describing for example the precise shape of the marginal hook sickle, may be required. Current work aimed at producing a package for dissemination will be further strengthened by the expansion of the data training sets, including more specimens for each Gyrodactylus species. These specimens will include, where possible, specimens of G. salaris from a range of other hosts, including non-salmonids.
The value of statistical classification techniques to solve complex problems in biology have been demonstrated here by the use of the nearest neighbours and the feed-forward neural network methods to provide correct gyrodactylid classification from a single structure at the SEM level. The techniques of linear discriminant analysis and nearest neighbours enabled the discrimination of G. salaris using data taken at the light level. Further, all 3 techniques have been applied in the field of biomedicine as detectors of peripheral vascular disease using arterial pulse waveforms (Allen & Murray, 1996) . Nearest neighbours has been used to categorize tissue microcalcifications analysed by X-ray microradiography (Ng, Looi & Bradley, 1996) and to discriminate different types of brain tumours when presented with 3-dimensional magnetic resonance image sequences (Rossmanith et al. 1996) . Neural networks have been applied in a similar fashion for the early detection of abnormal cancer cells (Moallemi, 1991) and to identify cancer drug candidates and predict their mechanism of action based on databases of drug features (Weinstein et al. 1992 a, b ; Rouvray, 1993) . In biosystematics, nearest neighbours has been used in botany for the discrimination of 13 species belonging to the genus Pogostemon (Khanam et al. 1994) and in marine biology to identify species of microplankton of the genus Cymatocylis (Williams et al. 1994) . Similarly, neural networks have enabled the identification of poisonous algal species present in phytoplankton samples from co-occurring nonpoisonous species (Balfoort et al. 1992 ; Smits et al. 1992) .
The use and further development of such methodologies will provide novel taxonomic, discriminatory tools for the accurate identification of important pathogens, such as G. salaris, and have the potential to be extended to encompass and take account of a wide range of pathogenic and non-pathogenic organisms. The results of this study also suggest that the development of a semi-automated system is feasible whereby the analysis is applied directly to image data, thus avoiding the necessity for manual extraction of measurements.
